Rhodamine 6G is spin-cast onto gold surfaces and the reflectance, emission, excitation, and SERS spectra are reported. Electron microscopy shows that the particle sizes of the gold are uniform for all preparations. Reflection spectra show that the Rh6G aggregates for thicker films and that the gold plasmon band shifts due to the refractive index change on the surface. The intensity of the SERS spectra increases with increasing surface coverage but the rate of change modulates between submonolayer and multilayer surface densities. The emission spectra behave unexpectedly as a function of Rh6G coverage. At submonolayer coverage the emission is relatively strong, decreases as the surface density increases to a monolayer, and then increases as the Rh6G thickness increases. Excitation spectra demonstrate that the emitting species at low surface density is monomeric but for thicker layers the excited state responsible for emission is Rh6G aggregates. For the thicker films, the Rh6G acts as its own dielectric layer for metal enhanced fluorescence of the aggregates.
INTRODUCTION
The use of plasmonic structures to modulate spectroscopic properties has drawn substantial interest in the last few years. Surface Enhanced Raman Scattering (SERS) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and` Metal Enhanced Fluorescence (MEF) [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] both exploit the electric field enhancement associated with a plasmon resonance to substantially increase the spectroscopic signal. Despite the mechanistic similarities between SERS and MEF, there are few reports of SERS and MEF on the same structures. 36, 37 This is because most fluorophores are substantially quenched when placed adjacent to a metal surface, so MEF requires that the emitting species be separated from the plasmon source by a few nm. In contrast, SERS does not suffer from this limitation, so enhancement occurs for molecules directly bound to the metal.
Our work has targeted thin films of xanthene dyes for use in sensing applications. 38, 39 One of the best studied of this class of compounds is rhodamine 6G (Rh6G), which has both a high quantum yield for fluorescence and a large cross section for Raman scattering. Wavelength shifts in the absorbance and emission spectra of Rh6G imply that aggregates form in solution at higher concentrations, as suggested by either exciton [66] [67] [68] or excimer theory. 69 In thin films, the same electronic spectroscopic effects are also observed, and are a function of film thickness. 65 The spectroscopic results indicate aggregation in the excited state (excitons and/or excimers) but we wondered if the aggregation also happened in the ground state of the thin films. Vibrational spectroscopy can be used to answer this question, and SERS on Rh6G was the logical choice to probe the ground state structure.
gold substrate as a function of film thickness. The emission properties of fluorophores as a function of thickness when deposited on nonmetallic substrates has been reported. [70] [71] [72] [73] [74] No emission was expected for Rh6G on the gold surface since metals typically quench fluorescence. In contrast, Rh6G can be observed in SERS down to single molecule levels when adsorbed to metal nanoparticles. [75] [76] [77] Excitation spectra were collected with fluorescence monitoring at 555 nm and 610 nm with two excitation ranges for each. For the monitoring at 555 nm the excitation ranges were 300-545 nm and 565-800 nm. For the monitoring at 610 nm the excitation ranges were 310-600 nm and 620-800 nm.
RESULTS AND DISCUSSION
Deposition of gold onto the silicon substrate followed the procedure previously reported. 78 The gold surfaces were coated with Rh6G using spin-casting, using conditions previously used to coat glass. 65 Direct measurement of the thickness of the Rh6G layer using optical or AFM methods proved to be ineffective. When spin- of Rh6G. Each sample shows the same features: grains that are less than 100 nm in size that cover the whole surface with a few particles that are 0.5 to 1 µm in diameter.
Both of these features are attributed to the gold coating, which mainly coats the substrate as small grains but there are a few particles that grow to larger size. There are no morphological features that can be assigned to the Rh6G. This is reasonable since the Rh6G is expected to be less than 50 nm thick for all of the coating conditions used. However, the EDS spectra, shown in Figure 2 , indicate the presence of the Rh6G. The primary elements observed are Au and C with smaller peaks for Si and O.
As the Rh6G coating becomes thicker, the intensity of the Au peak decreases, and the C peak increases. This confirms that the Rh6G is present but does not affect the morphology of the substrate. Figure 3 shows the reflection spectra for Rh6G on gold for several surface coverages. The Au surface has a reflection minimum at ~480 nm, consistent for all preparations, and indicative of a pure gold surface with relatively large particle size. 79 As the thickness of Rh6G is coated onto the surface, several spectral responses can be noted. First, as expected, the reflection from the gold is reduced as the Rh6G thickness increases. At the thinnest coverage, this is the only change that is observed -no what has been reported previously on glass. 65 However, with further addition of Rh6G, the emission intensity begins to increase and the maximum wavelength continues to shift to lower energy. Table 1 . Deconvoluted parameters for the emission spectra of Rh6G on gold and glass (from reference 65). λ is the wavelength maximum (in nm) and Γ is the full-width-athalf-maximum (in nm). The uncertainty in λ and Γ are both ±2 nm.
[ Each emission spectrum was deconvoluted into two or three Gaussian peaks, as needed, to give an acceptable fit. For the films with the two lowest surface coverages only two peaks were required: one with a narrow lineshape with a maximum at 556 nm and a second broader peak located at 577 nm. The intensity and lineshape are similar to what was reported for thin films of Rh6G on glass, 65 so the peaks are assigned to monomers (556 nm) and excimers (577 nm). The intensity of the emission spectra at low surface coverage is surprising since a metal surface typically induces quenching of an adjacent fluorophore. As the surface coverage increases a third peak is required to fit the emission spectra. The maximum of this third peak varies between 603 and 615 nm for different film thicknesses, but the linewidth remains constant at 25 nm. This peak is assigned to an exciton emission. Finally, for the thickest films the feature at 556 nm is no longer detectable and a new peak arises, observed as a broad shoulder, with a maximum in the range of 640 -656 nm, assigned to aggregates or crystallized Rh6G. All of these assignments are summarized in Table   1 .
The total intensity of the emission spectra as a function of surface coverage is remarkable. As shown in the inset in Fig. 5 , the emission intensity is high for the thinnest film and then decreases substantially as the surface density increases. At approximately one monolayer coverage the total emission intensity reaches a minimum. Then, as multiple layers accumulate, the intensity increases up to a maximum when the film thickness is estimated to be ~10 nm. For thicker films, which should be dominated by aggregates and crystallites, the emission slowly decreases as the films get thicker. In contrast, the intensity profile on glass as a function of film thickness shows high emission for surface coverages less than one monolayer, but is substantially quenched for thicker films.
The rise in emission intensity of films of Rh6G which are a few monolayers thick is attributed to MEF, where the Rh6G is acting as its own dielectric. In this interpretation, the enhanced fluorophore is the aggregate structure, not isolated Rh6G molecules. The maximum MEF response is found when the Rh6G is ~10 nm thick, which is consistent with previous studies of the optimum dielectric thickness for MEF. [80] [81] [82] A comparison of the Rh6G emission intensity for films created from a 5×10 -3 M solution on glass 65 vs gold implies an enhancement factor of ~10. The overlap between the shifted gold plasmon resonance and the aggregate emission peak is likely responsible for the electric field enhancement that causes the MEF response. Figure 6 shows the normalized excitation spectra of Rh6G for several surface coverages. When the emission is detected at 555 nm, i.e. emission from the monomer excited state, the excitation spectra all have maxima at 534 nm, except for the thickest film (cast from [Rh6G] = 1×10 -2 M), which has a maximum in the range of the this behavior, the excitation spectra were also measured using detection at 610 nm, which selects for both exciton and aggregate excited states. Under these measurement conditions the excitation spectra exhibit two general profiles. For low surface coverages the excitation maximum is at 534 nm, again indicative of absorption by monomer. In contrast, for films greater than a monolayer thickness, the excitation spectra have a maximum at 556 nm, are very broad, and have significant absorption at 534 nm. This is consistent with absorption associated with monomer, exciton, and aggregates. However, the energy absorbed by the monomer at these multilayer thicknesses is transferred to exciton or aggregate excited states.
Scheme 1 summarizes the observations. At low Rh6G coverages the emission signal is strong, arising from monomers, and the SERS signal is weak, because of the low number density. At monolayer coverage the emission spectrum is quenched, probably because of self-quenching and influence from the underlying gold surface. In contrast, the SERS signal is strong. Finally, at multilayer coverage both the emission 
